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ABSTRACT

“his paper summarizes the structural analysis
rechnologies and activities of the NASA Lewis Research
center's gas turbine engine Hot Section Technology
(HOST) orogram. The technologies synergistically
jeveloped and validated include: time-varying thermal/
mecnanical load models; component-specific automated
jecmetric modeling and solution strategy capabilities;
sdvanced inelastic analysis methods; inelastic consti-
tutive models; high-temperature experimental techniques
ing e«periments; and nonlinear structural analysis
toces. fFeatures of the program that incorporate the
1ew technologies and their application to hot section
component analysis and design are described. Improved
and, in some cases, first-time three-dimensional non-
tinear structural analyses of hot section components
of isotropic and anisotropic nickel-base superalloys
are presented.

INTRCCUCTION

Hot section components of aircraft gas turbine
engines are subjected to severe thermal-structural
loading conditions during the engine mission cycle.
The most severe and damaging stresses and strains are
those induced by the steep thermal gradients which
occur during the startup and shutdown transients.

The transient, as well as steady state, stresses and
strains are difficult to predict, in part, because the
temgerature gradients and distributions are not well
known or readily predictable and, in part, because

the cyclic elastic-viscoplastic behavior of the mate-
rials at these extremes of temperature and strain are
not well known or readily predictable.

A broad spectrum of structures related technology
programs has been underway at the NASA Lewis to address
these deficiencies at the basic as well as the applied

levels, with participation by industry and universities.

One of these programs was the structures element of the
turbine engine Hot Section Technology (HOST) program.
The structures element focused on three key technology
areas: inelastic constitutive mode! development,

three-dimensional nonlinear structural methods and
code development, and experimentation to calibrate and
validate the models and codes. These technology areas
were selected not only because todays hot section com-
ponent designs are materially and structurally diffi-
cult to analyze with existing analytical tools, but
because even greater demands will be placed on the
analysis of advanced designs. It is the need for
improved engine performance (higher temperatures,
lower cooling flows), lower engine weight, and
improved engine reliability and durability which will
require advanced analytical tools and expanded experi-
mental capabilities.

Because materials used in today's turbine engine
hot section components are operating at elevated
temperature, time-independent (plastic) and time-
dependent (creep and stress relaxation) material
behavioral phenomena occur simultaneously, and these
phenomena will be exacerbated in future component
designs. Classical elastic-plastic theories, where
creep and plasticity are uncoupled do not adequately
characterize these interactive phenomena. These
interactions are captured with inelastic (viscoplastic
or ynified) constitutive models. Under HOST, several
viscoplastic models were developed for high-temperature
isotropic and anisotropic nickel-base superalioys used
in hot section components. These models were incorpo-
rated in several nonlinear three-dimensional struc-
tural analysis codes.

The analysis demands placed on hot section compo-
nent designs result not only from the use of advanced
materials and their characterization, but also from
the use of new and innovative structural design con-
cepts. There is an obvious need to develop advanced
computational methods and codes, with the focus on
improved accuracy and efficiercy, to predict nonlin-
ear structural response of advanced component designs.
Under HOST, improved time-varying thermal-mechanical
load models for the entire engine mission cycle from
startup to shutdown were developed. The thermal model
refinements are consistent with those required by the
structural codes, including considerations of mesh-
point density, strain concentrations, and thermal gra-
dients. An automated component-specific geometric



noceling capability which will produce three-dimensional
finite element models of the hot section components
vas also developed. Self-adaptive solution strategies
sere geveloped and included to facilitate the selec-
tion cf appropriate elements, mesh sizes, etc. New
ind improved nonlinear three-dimensional structural
analysis codes, including temporal elements with time-
jependent properties to account for creep effects in
the materials and components, were developed. A data
transfer module was developed to automaticaily trans-
fer temperatures from finite difference and finite
alement thermal analysis codes to finite element
structural analysis codes.

€ssential for the confident use of these models
and structural analysis codes in the analysis and
Jesign of hot section components is their calibration
and validation. Under HOST, experimental facilities
were upgraded and experiments conducted to calibrate
and validate the models and codes developed. Unique
uniaxial and multiaxial high-temperature thermomechan-
ical tests were conducted. In addition, unique ther-
momechanical tests on sections of conventional and
advanced combustor liners were conducted in the Struc-
tural Comgonent Response rig at NASA Lewis. Exten-
sive, quality databases were generated. Advanced strain
and temre-ature instrumentation was also evaluated.

Table 1 is a summary of the contracts and grants
that were an integral) part of the structures element
under ACST. The research efforts of the grants and
contracts, as well as in-house efforts, are described
in the pager along with the most significant of the
many accomplishments for each. Figure 1 summarizes
the nonlinear structural analysis technologies and
activities under HOST.

ISOTRCFIC MATERIAL MCDELING

Southwcs® Research Institute Contract

Unified constitutive models were developed for
structural analysis of turbine engine hot section com-
ponents under NASA/HOST contract NAS3-23925, “Consti-
tutive Mcdeling for Isotropic Materials" (Chan et al.,
1986). During this project, two existing models of
the unified type were developed for application to
isotropic, cast, nickel-base alloys used for air-
cooled turbine blades and vanes. -The two models are
those of Walker (1981), and of Bodner and Partom
(1975). Both models were demonstrated to yield good
correlation with experimental results for two alloys:
PWA alloy B1900+Hf and MAR-M247. The experimental
correlations were made with testing under uniaxial and
biaxial tensile, creep, relaxation, cyclic, and ther-
momechanical loading conditions over a range in strain
rates and temperatures up to 1100 °C. Also, both
models were implemented in the MARC nonlinear finite
element comouter code with test cases run for a
notched round tensile specimen and an airfoil portion
of a typical cooled turbine blade.

Typical results of thermomechanical strain
¢ycling of B1900+Hf material are shown in Figs. 2
and 3. In Fig. 2, we show a single specimen cycled to
saturation at 538 °C, a temperature increase to 982 °C
with saturated loops achieved at that temperature, and
a return to 538 °C, all under constant strain range
control. Two observations evidence absence of thermal
history effect. The high-temperature excursion
resulted in no change in the hysteresis loop at 538 °C,
and the cyclic stress range associated with a given
cyclic strain was the same under this type of noniso-
thermal history as under strictly isothermal cycling,
as snown in Fig. 3. Both types of cycling agree with
the Bcdner-Partom model prediction which is based on
isotherma! data only.

A second example is5 the analysis of an airfoi)
of a typical cooled turbine blade. Simulations were
run in which a classical creep-plasticity model was
compared with the Walker and Bodner-Partom models for
B1900+Hf material. The airfoil was exercised through
three full flight spectra of taxi, take off, climb,
cruise, descent, taxi, and shutdown. Computational
efficiency with the unified models was as good or
better than with a more classical elasticplastic
approach. The effective stress versus strain response
at the airfoil critical location is compared in Fig. 4
for all three constitutive models. The unified models
yield very similar results but substantially different
from the classical creep-plasticity model. Unfortu-
nately, no experimental results are available or easiiy
obtainable for this complex problem.

In summary, the program has demonstrated that for
the cast nickel-base alloys studied, B1900+Hf and
MAR-M247, both isothermal and nonisothermal complex
loading histories can be well predicted using the uni-
fied constitutive model approach with all necessary
material constants derived solely from isothermal test
data.

The program has also demonstrated rather conclu-
sively that the unified constitutive model concept is
a very powerful tool for predicting material response
in hot section comg:nents under complex, time-varying,
thermomechanical loadings. This confidence is gained
from extensive correlations between two existing
models and a large base of experimental data covering
the range in stress, strain rate, and temperature of
interest. The unified constitutive models have also
been demonstrated to be computationally efficient when
incorporated into a large finite element comguter code
(MARD) .

General Electric Contract

Unified constitutive mode!s were also developed
and validated for structural analysis of turbine
engine hot section components under NASA/HOST contract
NAS3-23927, "Constitutive Modeling for Isotropic Mate-
rials," (Ramaswamy, 1986). As part of this effort,
several viscoplastic constitutive theories were evalu-
ated against a large uniaxial and multiaxial data base
on René 80 material, which is a cast nickel-base alloy
used in turbine blade and vane applications. Initially,
it was the intent to evaluate only available theories;
however, it was found that no available approach was
satisfactory in modeling the high temperature time
dependent behavior of René 80. Additional considera-
tions in model development included the cyclic soften-
ing behavior of René 80, rate independence at lower
temperatures, and the development of a new model for
static recovery. These considerations were incorpo-
rated in a new constitutive mode! which was imple-
mented into a finite element computer code. The code
was developed as a part of the contract specifically
for use with unified theories. The code was verified
by a reanalysis of the turbine tip durability problem
which was part of the pre-HOST activities at General
Electric.

Typical of the many results obtained from this
effort are the multiaxial thermomechanical comparisons
shown in Figs. 5 and 6. Figure 5 shows that the new
theory can predict 90° out-of-phase tension/torsion
experimental results at elevated temperature with good
accuracy. Figure 6 shows a comparison of prediction
with experimental data from combined temperature and
strain cycling tests. There is reasonably good agree-
ment between predictions and experiment considering
the predictions are based only on isothermal data.
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The theory was implemented into a new three-
dimensional finite element code which uses a 20-noded
brick element. The program uses a dynamic time incre-
menting procedure to minimize cost while guaranteeing
an accurate solution. The inelastic rate equations
and state variable evolution equations are integrated
using a second order Adams-Moulton predictor correc-
tor techniaue. Piecewise linear load histories are
modelled in order to simplify input. Further econom-
ics have been achieved by improving the stability of
the initial strain method and further reducing the
number of equilibrium iterations.

In symmary, a new multiaxial constitutive model
which can represent the complex nonlinear high temper-
ature pehavior of René 80 was developed. The model
was extensively verified based on data at several tem-
peratures. The thermomechanical proportional and non-
proportional cyclic modeling capabilities of the model
were demonstrated. The mode! was implemented in a
three-dimensional structurai analysis finite element
code and a turbine blade was analyzed.

University of Akron Grant

Many viscoplastic constitutive models for high-
temperature structural alloys are based exclusively on
uniaxial test data, as previously discussed. General-
ization to multiaxial states of stress is made by
assuming the stress dependence to be on the second
principal invariant (Jp) of the deviatoric stress,
frequently called the "effective" stress. Testing
other than uniaxial, e.g., shear, biaxial, etc., is
generally done in the spirit of verification testing,
not as part of the data base of the model. If such
a Jp theory, based on uniaxial testing, is called
upon to predict behavior under conditions other than
uniaxial, say pure shear, and it does so poorly, noth-
ing is left to adjust in the theory. The exclusive
dependence on Jy must be questioned. For a fully
isotropic material whose inelastic deformation behav-
ior is relatively independent of hydrostatic stress,
the most general stress dependence is on the two (non-
zero) principal invariants of the deviatoric stress,
Jo and J3. These invariants constitute what is
known as an integrity basis for the material.

Under NASA Grant NAG3-379, "A Multiaxial Theory
of Viscoplasticity for Isotropic Materials,"
{(Robinscn, 1984) a time-dependent description poten-
tial function based on constitutive theory with stress
dependsnce cn Jz and J3 that reduces to a known
Jy theory as a special case was developed. The char-
acterization of viscoplasticity can be made largely on
uniaxial testing but the "strength" of the J3 depend-
ence must be determined by testing other than uniax-
ial, e.g3., pure shear.

Several calculations have been made using forms
of the furctions in the mode! and associated material
parameters that are typical of ferritic chrome-based
and austenitic stainless-stee! alloys. Qualitatively
similar results can be expected for nickel-based
alloys. Figure 7 shows predicted hysteresis loops
over a constant strain range (4e¢ = 0.6 percent) and
strain rate (e = 0.001/m). The curve labeled "uniax-
fal" can be thought of as having been carefully fit on
the basis of uniaxial data. Predictions of pure shear
response are also shown, corresponding to different
values of C. A Jp, J3 theory reduces to a Jj
theory for C = 0. Even after tedious fitting of uni-
axial cyclic data, if the shear prediction does not
correlate well with shear data, nothing can be done in
a Jy theory short of compromising the uniaxial cor-
relations. The present Jp, J3 theory allows some
flexibility in accurately predicting response other

than unjaxial through the parameter C. Note that the
hysteresis loop labeled C = 10 indicates a cyclic
response that is about 20 percent stronger than the

Jo response (C = 0).

Figure 8 shows predictions of creep response,
i.e., behavior under constant stress. Here, the
strain-time curve labeled "uniaxial and shear C = 0"
represents both the uniaxial response (using the
strain scale on the left) and the shear response for
a Jp material (using the strain scale on the right).
Each shear response corresponding to a particular
value of C is to be measured using the right-hand
shear strain scale. In creep, the effect of the Jj
dependence appears to be more pronounced than for
strain cycling. Here, for C = 10 the creep strain
after 100 hr differs by a factor of 2 from that for
the Jp response (C = 0).

ANISOTRCPIC MATERIAL MCDELING

University of Connecticut Grant

Nickel-base monocrystal superalloys have been
under development by turbine manufacturers for a
number of years. Successful attempts have now been
made under grant NAG3-512, “Constitutive Modeling of
Single Crystal and Directionally Solidified Superal-
Toys," (Walker, and Jordan, 1987) to model the defor-
mation behavior of these materials based on both a
macroscopic constitutive model and a micromechanical
formulation based on crystallographic slip theory.
These models have been programmed as FORTRAN subrou-
tines under contract NAS3-23939 to Pratt and Whitney
and included in the MARC nonlinear finite element pro-
gram. They are currently being used to simulate
thermal/mechanical loading conditions expected at the
“"fatigue critical” locations on a single crystal (PWA
1480) turbine blade. Such analyses form a natural
precursor to the application of 1ife prediction
methods to gas turbine airfoils.

The difficulty in analyzing the deformation behav-
ior of single crystal materials lies in their aniso-
tropic behavior. Two separate unified viscopiastic
constitutive models for monocrystal PWA 1480 have bSeen
completely formulated. In one mode!, the directional
properties of the inelastic deformation behavior are
achieved by resolving the summed crystallographic slip
system stresses and strains onto the global coordinate
system. In the other model, the .equired directional
properties are achieved by operating on the global
stresses and strains directly with fourth rank aniso-
tropy tenscrs. The crystallographic slip based model
is more accurate and has more physical significance
than the macroscopic model, but is more computation-
ally intensive than its macroscopic counterpart.

The material constants in both models can be
obtained from uniaxial tests on <Q001> and <111>
oriented uniaxial specimens, or from uniaxial and tor-
sion tests on <001» orientated tubular specimens.

Both models achieve good correlation with the experi-
mental data in the <001> and <111> corners of the
stereographic triangle, and both models correctly pre-
dict the deformation behavior of specimens orientated
in the <011> direction. The tension-torsion tests on
tubular specimens orientated in the <001> direction
were carried out at a temperature of 870 °C (1600 °F)
at the University of Connecticut. Further tests at
temperatures ranging from room temperature to 1149 °C
(2100 °F) have been carried out at Pratt and Whitney
under contract NAS3-23939. Good correlations and pre-
dictions are uniformly achieved at temperatures above
649 °C (1200 °F), but further work appears to be nec-
essary to correctly model the deformation behavior of
PWA 1480 mcnocrystal material below 649 °C (1200 °F).




University of Cincinnati Grant

Nickel base single crystal superalloys have
attracted considerable interest for use in gas turbine
jet engine because of their superior high temperature
properties. In polycrystalline turbine parts, rupture
is usually due to crack propagation originating at the
grain boundaries. Since single crystal alloys have no
grain boundaries, use of the alloy has significant
advantages for increased strength and longer life.

inder grant NAG3-511, “"Anisotropic Constitutive
Modeling for Nickel-Base Single Crystal Alloy René
N4, an anisotropic constitutive model was developed
based on a crystallographic approach. The current
equaticns modified a previous model proposed by Dame
and Stouffer (1986) where a Bodner-Partom equation
with only the drag stress was used to model the local
inelastic response in each slip system. Their model
was considered successful for predicting both the
orientation dependence and tension/compression asymme-
try Tor tensile and creep histories for single crystal
alloy René N4 at 760 °C (1400 °F). However, certain
properties including fatigue were not satisfactorily
modeled. A back stress state variable was incorpo-
rated into the local slip flow equation based on the
observed experimental observations. Model predicta-
bility was improved especially for mechanical proper-
ties such as inelasticity and fatique loops.

Figures 9 and 10 are typical of the numerous
results obtained from this effort. Experimental data
and predicted responses of tensile and cyclic condi-

tions for different specimen orientations are compared.

Shown in Fig. 9 are the experimental data in [100] and
(111] orientations which were used to determine mate-
rial constants. The response in [110] orientation is
the predicted resutt. The model predicted very well
the elastic moduli, hardening characteristics (the
knee of the curves) and the saturated values. In

Fig. 10, comparisons show the mcdel predicts very well
the cyclic tension/compression asymmetry, hardening
characteristics and rate effect for the [100] orienta-
tion. The prediction of the hystersis loop was based
solely on saturated constants determined from tensile
tests.

University of Akron Grant

Structural alloys used in high-temperature appli-
caticns exhibit complex thermomechanical behavior that
is time-dependent and hereditary. Recent attention is
being focused on metal-matrix composite materials for
aerospace applications that, at high temperature,
exhibit all the complexities of conventional alloys
(e.g., creep, relaxation, recovery, rate sensitivity)
and, in addition, exhibit further complexities because
of their strong anisotropy.

Under grant NAG3-379, "A Continuum Deformation
Theory for Metal-Matrix Composites at High Tempera-
ture,” (Robinson et al., 1986) a continuum theory was
developed for represanting the high-temperature,
time-cependent, hereditary deformation behavior of
metallic composites that can be idealized as pseudo-
homegereous continua with locally definable direc-
tional characteristics. Homogenization of textured
materials (molecular, granular, fibrous) and applica-
pitity of continuum mechanics in structural applica-
tions gercends on characteristic body dimensions, the
severity of gradients (stress, temperature, etc.) in
the structure and on the relative size of the inter-
nal structure (cell size) of the material. Examina-
tion reveals that the appropriate conditions are met
in a significantly large class of anticipated aero-
space applications of metallic composites to justify
research into the formulation of continuum-based
theories.

The starting point for the theoretical develop-
ment is the assumed existence of a dissipation poten-
tial function Q for a composite material; that is a
two constituent (fiber/matrix), pseudchomcgerescus
material.

The potential function is of the form

Q= Qo,

1j,ccij,didj,T) 1

in which o.. denotes the components of (Cauchy)

i
stress, @ ; %he components of a tensorial internal

state variable C(internal stress), didi the components
of a directional tensor, and T the temperature. The
symmetric tensor djdy s formed by a self product of
the unit vector d; éenotinq the local fiber direc-
tion. Account can be taken of more than a single fam-
ily of fibers inherent to the continuum eiement.

The present theory has been implemented into the
commercial finite element code MARC. Several trial
calculations have been made under uniaxial conditions
using material functions and parameters that approxi-
mate a tungsten/copper composite material. A trans-
versely isotropic continuum elasticity theory has been
used in conjunction with the present viscoplastic
theory. The results of the calculations show the
expected responses of rate-dependent plasticity, creep,
and relaxation as well as appropriate anisotropic fea-
tures. Predictions of relaxation and hysteresis loops
for different fiber orientation angles on a tungsten/
copper like material are shown in Figs. 11 and 12.

COMPUTATIONAL MCZTHCDS AND CODE OEVELOPMENT

General Electric Contract

[t has become apparent in recent years that there
is a serious problem of interfacing the output temper-
atures and temperature gradients from either the heat
transfer codes or engine tests with the input to the
stress analysis codes. With the growth in computer
postprocessors, the analysis of hot section components
using hundreds and even thousands of nodes in the heat
transfer and stress models has become economical and
routine. This has exacerbated the problem of manual
transfer of output three-dimensional temperatures from
heat transfer codes to stress analysis input to where
the engineering effort required is comparable to that
required for the remainder of the analysis. Further-
more, a considerable amcunt of approximation has been
introduced in an effort to accelerate the process.
This tends to introduce errors into the temperature
data which negates the improved accuracy in the tem-
perature distribution achieved through use of a fine
mesh. There is, then, a strong need for an automatic
thermal interface module. A module was developed
under contract NAS3-23272, "Burner Liner Thermal/
Structural Load Modeling," (Maffeo, 1984).

The overall objectives of this thermal/structural
transfer module were that it handle independent mesh
configurations, finite difference and finite element
heat transfer codes, perform the transfer in an accu-
rate and efficient fashion and the total system be
flexible for future applications. Key features of the
code developed include: independent heat transfer and
stress model meshes., accurate transfer of thermal data,
computationally efficient transfer, user friendly pro-
gram, flexible system, internal coordinate transforma-
tions, automated exterior surfacing techniques and
geometrical and temporal windowing capability.

A schematic of the TRansfer ANalysis Code (TRAN-
CITS) is shown in Fig. 13. The module can process
heat transfer results directly from the MARC (finite
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alement) and SINDA (finite difference) programs and
#4111 output temperature information in the forms
required for MARC and NASTRAN. The input and output
routines in the module are very flexible and could
easily be modified through a neutral file to except
Jata from other heat transfer codes and format data
to otner stress analysis codes.

This thermal load transfer module has been shown
to efficiently and accurately transfer thermal data
from dissimilar heat transfer meshes to stress meshes.
The fundamental part of the code, the three-dimensional
searcn, interpolation and surfacing routines, have mucn
more potential. They form an outstanding foundation
‘or automatic construction of embedded meshes, ltocal
element mesn refinement, and the transfer of other
mechanical type lcading.

General Electric Contract

The overail objective of this program was to
develep and verify a series of interdisciplinary
modeling and analysis techniques specialized to
address hot section components. These techniques
incorporate data as well as theoretical methods from
many diverse areas including cycle and performance
analysis, neat transfer analysis, linear and nonlin-
ear stress analysis, and mission analysis. Building
on the proven techniques already available in these
fields, the new methods developed through this con-
tract were integrated into a system which provides an
accurate, efficient, and unified approach to analyz-
ing hot section structures. The methods and codes
developed under this contract, NAS3-23687, "Component-
Specific Modeling," (McKnight, 1985) predict tempera-
tures, deformation, stress and strain histories
throughcut a complete flight mission.

Five basic modules were developed and then linked
together with an executive module. They are:

(1) The Thermodynamic Engine Model (TDEM) which
is the subsystem of computer software. It translates
a list of mission flight points and delta times into
time profiles of major engine performance parameters.
Its present data base contains CF6-50C2 engine per-
formance data. In order to adapt this system to a
different engine reguires only the restocking of this
data base with the appropriate engine performance
data.

(2) The Thermcgynamic Loads Model (TDLM) which is
the subsystem of concuter software which works with
the output of the TDEM to produce the mission cycle
loading on the individual hot section components.
There are separate segments for the combustor, the
turbine blade, and the turbine vane. These segments
translate the major engine performance parameter pro-
files from the TDEM into profiles of the local thermo-
dvnamic loads {(pressures, temperatures, rpm) for each
component. The formulas which perform this mapping in
the TOLM models were developed for the specific engine
comporents. To adapt these models to a different
engine would require evaluating these formulas for
their simulation capability and making any necessary
changes.

(3) The Component Specific Structural Modeling
which is the heart of the geometric modeling and mesh
generation using the recipe concept. A generic geome-
try pattern is determined for each component. A
recipe is develcped for this basic geometry in terms
of point coordinates, lengths, thicknesses, angles,
and radii. These recipe parameters are encoded in
computer software as variable input parameters. A set

w

of default numerical values are stored for these
parameters. The user need only input values for those
parameters which are to have different values. These
recipe parameters then uniquely define a generic com-
ponent with the defined dimensions. The software
logic then works with these parameters to develop a
finite element model of this geometry consisting of
20-noded isoparametric elements. The user specifies
the number and distribution of these elements through
input control parameters. figure 14 shows the generic
geometry and recipe for a compustor liner panel.

(4) The subsystem which performs the three-
dimensional nonlinear finite element analysis of the
hot secticn component model and was developed under
the NASA HOST contract NAS3-23698, “"three-dimensionai
Inelastic Analysis Methods for Hot Section Structures.”
This software performs incremental nonlinear finite
element analysis of complex three-dimensional struc-
tures under cyclic thermomechanical loading with tem-
perature dependent material properties and material
response behavior. The nonilinear analysis considers
both time-independent and time-dependent material
behavior. Among the constitutive models available is
the Haisler-Allen classical model which performs plas-
ticity analysis with isotropic material response,
kKinematic material response, or a combination of iso-
tropic and kinematic material response. This is com-
bined with a classical creep analysis formulation. A
major advance in the ability to perform time-dependent
analyses is a dynamic time incrementing strategy
incorporated in this software.

(5) The COSMO system which consists of an execu-
tive module which controls the TDEM, TDLM, the geomet-
ric modeler, the structural analysis code, the file
structure/data base, and certain ancillary modules.
The ancillary modules consist of a band width opti-
mizer module, a deck generation module, a remeshing/
mesh refinement module and a postprocessing module.
The executive directs the running of each moduie, con-
trols the flow of data among modules and contains the
selfadaptive control logic. Figure 15 is a flow chart
of the COSMO system showing data flow and the action
positions of the adaptive controls. The modular design
of the system allows each subsystem to be viewed as a
plug-in mcdule. They can be abstracted and run alone
or replaced with alternate systems.

The ideas, techniques, and computer software
developed in the Component Specific Modeling program
have proven to be extremely valuable in advancing the
productivity and design-analysis capability for hot
section structures.

Genera!l tlectric Contract

Under NASA contract NAS3-23698, "Three-Dimensional
Inetastic Analysis Methods for Hot Section Compo-~
nents," (McKnight et al., 1986), a series of three-
dimensional inelastic structural analysis computer
codes were developed and delivered to NASA Lewis.
The objective of this program was to develop analyti-
cal methods capable of evaluating the cyclic time-
dependent inelasticity which occurs in hot section
engine components. Because of the large excursions in
temperature associated with hot section engine compo-
nents, the techniques developed must be able to accom-
modate large variations in material behavior including
plasticity and creep. To meet this objective, General
Electric developed a matrix consisting of three con-
stitutive models and three element formulations. A
separate program for each combination of constitutive
mode)-element model was written, making a total of




aine programs. Each program was given a stand alone
capability of performing cyclic nonlinear analysis.

The three constitutive models are in three dis-
tinct forms: a simplified theory (simple model), a
¢classical theory, and a unified theory. In an inelas-
tic analysis, the simplified theory uses a bilinear
stress-strain curve to determine the plastic strain
and a power law equation to obtain the creep strain.
The second model is the classical theory of Haisler
and Allen. The third model is the unified model of
Bodner and Partom. All of the models were programmed
for a linear variation of loads and temperatures with
the material properties being temperature dependent.

The three element formulations used are an 8-node
isoparametric shell element, a 9-ncde shell element,
and a 20-node isoparametric solid element. The 8-node
element uses serendipity shape functions for interpo-
lation and Gaussian quadrature for numerical integra-
tion. Lagrange shape functions are used in the S-node
element. Ffor numerical integration, the 9-node ele-
ment uses Simpson's rule. The 20-node solid element
uses Gaussian quadrature for integration.

For the linear analysis of structures, the nine
codes use a blocked-column skyline, out-of-core equa-
tion solver. To analyze structures with nonlinear
material behavior, the codes use an initial stress
iterative scheme. Aitken's acceleration scheme was
incorporated into the codes to increase the conver-
gence rate of the iteration scheme.

The ability to mode! piecewise linear load histo-
ries was written into the codes. Since the inelastic
strain rate can change dramatically during a Tinear
load history, a dynamic time-incrementing procedure
was included. The maximum inelastic strain increment,
maximum stress increment, and the maximum rate of
change of the inelastic strain rate are the criteria
that control the size of the time step. The minimum
time step calculated from the three criteria is the
value that is used.

In dynamic analysis, the eigenvectors and eigen-
values can be extracted using either the determinant
search technique or the subspace iteration method.
These metheds are only included with those finite-
element codes containing the 8-node shell element.

Pratt and Whitnev Aircraft Contract

The objective of the work done under contract
NAS3-23697, "Three-dimensional Inelastic Analysis
Methods for Hot Section Components," (Nakazawa, 1987;
Wilson, and Banerjee, 1986) was to produce three new
computer codes to permit accurate and efficient three-
dimensional inelastic analysis of combustor liners,
turbine blades, and turbine vanes. The three codes
developed are called MOMM (Mechanics of Materials
Model), MHOST (MARC-HOST) and BEST (Boundary Element
Stress Technology). These codes embody a progression
of mathema*tical models for increasingly comprehensive
representation of the geometrical features, loading
conditions, and forms of nonlinear material response
that distinguish the three groups of hot section
components.

Software in the form of stand-alone codes was
developed by Pratt and Whitney Aircraft (PWA) with
assistance from three subcontractors: MARC Analysis
Research Corporation (MARC), United Technology
Research Center (UTRC), and the State University of
New York at Buffalo (SUNY-B).

“hree increasingly sophisticated constitutive
models were implemented in MOMM, MHOST, and BEST to
account for inelastic material behavior (plasticity,
creep) in the elevated temperature regime. The sim-
plified mode! assumes a bilinear approximation of

stress-strain response and glosses over the complica-
tions associated with strain rate effects, etc. The
state-of -the-art model partitions time-independent
plasticity and time-dependent creep in the conven-
tional way, invoking the von Mises yield criterion

and standard (isotropic, kinematic, combined) harden-
ing rules for the former, and a power law for the lat-
ter. MWalker's viscoplasticity theory which accounts
for the interaction between creep/relaxation and plas-
ticity that occurs under cyclic loading conditions,
has been adopted as the advanced constitutive model.

MOMM - This is a stiffness method finite element
code that utilizes one-, two- and three-dimensionai
arrays of beam elements to simulate hot section compo-
nent behavior. Despite limitations of such beam mocel
representations, the code will be useful during early
phases of component design as a fast., easy to use,
computationally efficient tool. All of the structural
analysis types (static, buckling, vibration, dynam-
ics), as well as the three constitutive models men-
tioned above, are provided by MCMM. Capabilities of
the code have been tested for a variety of simple
problem discretizations.

MHOST - This code employs both shel!l and solid
(brick) elements in a mixed method framewcrk to pro-
vide comprehensive capabilities for investigating
local (stress/strain) and global (vibration, buck-
1ing) behavior of hot section compcnents. Attention
was given to the development of solution algorithms,
integration algorithms for stiffness, strain recovery
and residual terms, and modeling methods that permit
accurate representations of thermal effects on struc-
tural loading and material properties, as well as gec-
metrical discontinuities.

The three constitutive models implemented are the
secant elasticity model, von Mise's plasticity model,
and Walker's creep plasticity mode!. Temperature
dependency and anisotropy can ve obtained through user
subroutines in MHOST. Nonlinear transient analysis
and eigenvalue extraction for buckling and modal
analyses are some of the other important features in
the program. The improved algorithm models and finite
elements implemented in the code significantly reduced
CPU (Central Processing Units) time requirements for
three-dimensional analyses.

To test the validity of the MHOST finite-element
code, considerable efforts were made in applying the
code in different cases with results compared to theo-
retical predictions or numerical values generated by
other codes. For example, the code was used in-house
to analyze a General Electric CF/6-50 engine blade and
rotor model with data generated by a computational
structural mechanics simulator system. The simulator
system provided data, such as pressure and temperature
distribution, centrifugal force, and time duration, at
various stages of flight. Figure 16 shows the varia-
tion of the radical displacement of the leading edge
tip in the static condition during the entire flight
without consideration of the centrifugal force effect.

BEST3D - This is a general purpose three-
dimensional structural analysis program utilizing the
boundary element method. The method has been imple-
mented for very general three-dimensional geometries,
and for elastic, inelastic and dynamic stress analy-
sis. Although the feasibility of many of the capabil-
ities provided has been demonstrated in a number of
individual prior research efforts. the present code is
the first in which they have been made available for
large scale problems in a single code. In addition,
important basic advances have been made in a number of
areas, including the development and implementation of
a variable stiffness plasticity algorithm, the incor-
poration of an embedded time algorithm for elastody-
namics and the extensive application of particular
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soluticns within the boundary element method. Major
features presently available in the BEST3D code
include: very general geometry definition, including
the use of doubie curved isoparametric surface ele-
ments and volume cells, with provision of full sub-
structuring capability; general capability for the
definition of complex, time-dependent boundary condi-
tions: capability for nonlinear analysis using a
variety of algorithms, solution procedures and consti-
tutive models; and a very complete elastodynamic capa-
bility including provision for free vibration, forced
response and transient analysis.

The BEST3D code was validated by comparing pre-
dictions from BEST3D with those from theoretical
and/or numerical predictions and some experimental
data. For example, results from a benchmark notch
test program were used. Finite element and boundary
element meshes for one-quarter of a specimen gage sec-
tion are shown in Fig. 17. Measurements of notch root
stress-strain behavior for initial uploadings were
compared with predictions (Fig. 18). Simulation of
first-cycle notch root behavior with BEST3D was proven
to be quite accurate.

EXPERIMENTAL FACILITIES AND DATA

Oak Ridae National Laboratorv Interagency Adreement

An experimental effort was undertaken under
Interagency Agreement Number 40-1447-84 and U.S.
Department of Energy contract DE-ACO5-840R 21400 with
Martin Marietta Energy Systems Inc., "Determination
of Surface of Constant Inelastic Strain Rate at Ele-
vated Temperature," (Battiste, and Ball, 1986).
Special exploratory multiaxial deformation tests on
tubular specimens of type 316 stainless steel at
649 °C (1200 °F) were conducted to investigate time-
dependert material behavior.

In classical plasticity the concept of yield sur-
faces in multiaxial stress space plays a central role,
not only in the definition of initial yielding but in
determining subsequent plastic flow. At high tempera-
tures the deformation behavior of structural alloys is
strongly time dependent. Consequently, the signifi-
cance of yield surfaces breaks down, and it has been
proposed that in their place the concept of surfaces
of constant inelastic strain rate (SCISR) might be
utilized. Such surfaces, called SCISRs, can be shown
to have a potential nature and thus constitute the
basis of a rational multiaxial viscoplastic constitu-
tive theory.

A surface of constant inelastic strain rate was
determined by loading the specimen at a constant
effective stress rate in the two-dimensional axial/
torsional stress state in various directions until a
predetermined inelastic effective strain rate was
reached. After each probe, the stress was returned to
the initial starting point; thus a locus of points
(surface of constant inelastic strain rate) was
established.

Two types of tests were conducted. One test
specimen was subjected to a time-independent torsional
shear strain test history, and surfaces of constant
inelastic strain rate (SCISRs) in an axial/torsional
stress space were measured at various predetermined
ooints during the test. A second specimen was sup-
jected to a 14-week time-dependent (creep-recovery-
creep periods) torsional shear stress histogram.
SCISRs determinations were made at 17 points during
the test. The tests were conducted in a high-
temperature, computer-controtled axial/torsional test
facility using an Qak Ridge National Laboratory devel-
oped high-temperature multiaxial extensometer.

A key result of this testing effort was that sur-
faces of constant inelastic strain rate exist and can
be determined or measured at an elevated temperature,
650 °C. This is shown in Fig. 19. The conclusion is
validated or deduced by the execution of the test pro-
grams and by the consistency of the surface results,
especially the repeated surfaces. To our knowledge,
this is the first successful determination of high-
temperature surfaces of constant inelastic strain
rate.

Although conclusions regarding the effect of
these SCISRs data on different theories will be left
to the constitutive equation developers, several
results can be stated. First, the surfaces did not
move or cnhange shape in the axial/torsional stress
state by any significant amount. Second, a deduction
that plastic deformations have a larger effect than
creep deformations can be stated. Third, SCISRs
determined immediately after large plastic deforma-
tion show more inconsistent results than SCISRs which
have not undergone immediate prior plastic deforma-
tions. Last, the extensometer system and software
control system pcrformed extremely well in a diffi-
cult application.

In-house Lewis Research Center Experimental Facili-
ties and Data

Uniaxial Test Systems. tnder HOST, recent expan-
sion of the uniaxial testing capability of the fatigue
and structures laboratory included the addition of
four new test systems (Bartolotta, and McGaw, 1987).
One of these systems is shown in Fig. 20. The load
rating for two of the new systems is =9072 kg
(£20 000 1b), and the other two at =22 680 kg
(+£50 000 1b). Each system is equipped with a state-
of-the-art digital controller. The digital control-
lers have the ability to complete a smooth control
mode transfer, which is accomplished either manually
or electronically. This feature will make it possible
to conduct some of the more complex tests that have
been defined by the constitutive model developers at
NASA Lewis and elsewhere. Specimen heat is provided
by 5 kW radio frequency induction heaters. Axial
strains are measured using an axial extensometer. To
study the effects of the environment on creep-fatigue
behavior, the two smaller load capacity test systems
are equipped with environmental chambers capable of
providing a vacuum and/or an inert environment. The
environmental chamber is able to sustain a vacuum of
2.67x10-% Pa (2x10-6 torr) with a specimen temperature
of 1093 °C (2000 °F). All systems include water-
cooled hydraulic grips for simple specimen installa-
tion. By the means of exchanging two collets these
grips can be adapted to handle either flat bar, smooth
shank, or threaded-end specimens. Each uniaxial sys-
tem has its own minicomputer for experimental control
and data acquisition. Preliminary software has been
developed by the experimentalists to conduct tests as
simple as a low cycle fatigue test, and as complicated
as thermomechanical tests.

Biaxial Test Systems. In many life and material
behavior models, multiaxial representations are formu-
lated by modifying uniaxial criteria. Unfortunately,
this method does not always achieve the accuracy needed
to meet design goals of hot section components. In
response to this need for better life and material
behavior predictions under complex states of stress
and strain, a multiaxial testing capability is being
developed. As an evolutionary step from a uniaxial
test capability, a decision was made to begin with
biaxial (axial-torsion) test systems (Fig. 21) and




eventually prcgrass to triaxial systems through the
use cf internal oressure. Under HOST, three new biax-
ial test systems were added to the laboratory
(Bartolotta, and McGaw, 1987).

The load frames for each test system are rated
for loads of =22 948 kg (=50 000 1b) axial and
=2824 N-m (%25 000 in.-1b) torsional. Electronics
for these systems consist of two servocontrollers,
two data display units, function generators, and an
oscilloscope. The two servocontrollers allow for
both independent and combined control of axial and
torsional loading. Each servocontroller can control
specimen loading in one of three modes: load, strain
or stroke for axial loading and torque, torsional
strain or angular displacement for torsional loading.
Data display units are used to monitor analog data
signals, and provide an important interface between
the test system and the computer system. These units
can be programmed to perform a variety of signal pro-
cessing operations.

The heating system for each biaxial test system
consists of an audio frequency induction generator,
an induction coil fixture, and a PID controller for
closed-loop temperature control. Each generator has
a power output of 50 kW at an operating freguency of
9.6 kHz. Audio frequency generators were chosen
because of their ability to operate with minimal elec-
trical interference to instrumentation signals.

fach axial-torsional test system is interfaced
with its own minicomputer. These minicomputers, along
with the data display units, are used for experimental
control and data acquisition. Preliminary software is
being used to conduct simple tests, while more compli-
cated test programs are still in their developmental
stages.

A thin-walled tube was chosen as the basic speci-
men gecmetry. This type of geometry has the following
advantages: (a) easy decomposition of axial-torsicnal
compeonents of stress and strain, (b) at high tempera-~
tures thermal gradients across the diameter are mini-
mal, and (¢) for thermomechanical testing, cooling
rates are higher.

Uniaxial Experimental Results. Extensive data-
bases for several materials have been generated under
the grants and contracts previously discussed. 1In
the Lewis Fatique and Structures Laboratory, a uniax-
ial database on Hastelloy-X, a nickel-base superallioy
used in hot section compcnent applications, was gener-
ated (Bartolotta. 1985; Ellis et al., 1986;
Bartolotta, and Ellis, 1987). These data are being
used in the development and calibration of constitutive
models. In addition, some of the data generated was
used to address a number of questions regarding the
validity of methods adopted in characterizing the con-
stitutive models for particular high-temperature mate-
rials. One area of concern is that the majority of
experimental data available for this purpose are
determined under isothermal conditions. This is in
contrast to service conditions which almost always
involve some form of thermal cycling. The obvious
question arises as to whether a constitutive model
characterized using an isothermal data base can ade-
quately predict material response under thermomechanical
conditions. Described here is an example of results
of the most recent isothermal and thermomechanical
experiments conducted on Hastelloy-X to address this
concern.

Results obtained from two uniaxial isothermal
(205 and 425 °C) and one out-of-phase uniaxial ther-
momechanical (200 to 400 °C) experiments are presented
in Fig. 22. The thermomechanical test was conducted
in such a way that the mechanical strain range and

mechanical strain rate were similar to what was used
for the isothermal experiments. Because of the tem-
perature response limitations of the experiment
itself, it should be noted that at the tensile peaks
of each thermomechanical cycle, the temperature under-
shot its lower bound by -5 °C (135 °C instead of

200 °C).

From Fig. 22 it can be observed that at the tenth
cycle of the isothermal tests the stress - inelastic
strain respcnses are similar. As for the thermome-
chanical test, the stress - inelastic strain response
is slightly different compared to the isothermal data.
This is probably due to the difference in mechanical
strain range caused by the temperature oversnoot. As
can be seen, the stress -~ inelastic strain response
for the thermomechanical experiments seems to follow
more closely that of the lower temperature isothermal
test. As cycling continues, the thermomechanical
material response seems to start following that of
the higher temperature isothermal experiment. This
observation was also observed in another thermcmechan-
ical experiment (400 to 600 °C), which suggests that
this trend is a general material hardening character-
istic, but further investigation will have to be con-
ducted before this can be confirmed.

Preliminary inelastic strain comparisons between
isothermal and thermomezhanical experimental data have
proven useful in developing a better understanding of
thermomechanical material response for Hastelloy-X.
From these types of comparisons it appears that
general thermcmechanical material behavior can be
extracted from isothermal experimental data, but
information concerning changes in material strain har-
dening behavior must come from thermcmechanical test
data.

Tests on Hayros 188, a cobalt-based superalloy
used in hot section component applications were also
conducted in the laboratory (Ellis et al., 1987). An
example of the test results obtained is presented. In
this example we are concerned with determining the
stress levels or "thresholds" at which creep deforma-
tions first become significant in Haynes 188 over a
temperature range of interest. A second series of
experiments was conducted to establish whether the
threshelds determined under monotonic conditions also
apply in the case of thermcmechanical loading.

As shown in Table II, the threshold experiments
showed the expected result that early creep response
is strongly temperature dependent. It can be seen
that at 649 °C, stress levels must exceed 207 MPa
(30 ksi) before creep strains become significant
during the 1.5 hr hold periods. At temperatures of
760 and 871 °C, the corresponding values of stress
are 75.9 MPa (11 ksi) and 27.6 MPa (4 ksi), respec-
tively. One important point to be noted about this
result is that it would not have been predicted by
inspection of handbook data. This is because mate-
rial handbooks provide little or no information
regarding the early stages of creep. It follows that
problems can arise if decisions regarding-the need for
inelastic anailysis are based on casual inspection of
handbook data. The present study clearly indicated
that some form of inelastic analysis is necessary for
components operating at temperatures as high as 871 °C
if stress levels are expected to exceed 27.6 MPa
(4 ksi).

Turning to the results of the thermomechanical
experiments on Haynes 188, ratchetting behavior can pe
observed in the data shown in Fig. 23 for a mean
stress of 42.5 MPa (6.17 ksi). In this case, the
creep strain accumulated during cycle (1) was about
100 ue. On subseguent cycles, the creep occurring per
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cycle was 50 ue or less and the data exhibited consid-
erable scatter. The reason for the scatter is the
electrical noise which complicated interpretation of
the 42.5 MPa (6.17 ksi) mean stress data.

The material exhibited creep ratchetting during
simulated service cyctes. This result was not pre-
dicted by analysis using current constitutive models
for Haynes 188.

Lewis Annular Combustor Liner Test Facility Structural
Comgonent Response Rig

Segments, or cylindrical sections of gas turbine
engine combustor liners were radiantly heated in the
Structural Component Response rig shown in Fig. 24,
Quartz lamps were used to cyclically heat the 20-in
(0.5 m) diameter test liners. This resulted in axial
iand circumferential temperature variations as well as
through-the-thickness temperature gradients in the
test liner similar to those of in-service liners, and
thus similar thermally induced stresses and strains.

A typical engine mission cycle (take-off, cruise,
landing, and taxi) of 3 to 4 hr was simulated in 2 to
3 min. The simulated cyclic temperatures and tempera-
ture gradients were felt to be adequate to capture

the time-indegendent and time-dependent interactions
resulting in deformation as well as the low-cycle
thermal fatigue phenomena of in-service liners. The
orimary purpcse of the rig was to generate large qual-
ity thermcmezhanical databases on combustor liners
(Thomgson, and Tong, 1986).

The test program was a cooperative effort with
Pratt and Wnitney Aircraft (PWA), a division of United
Technologies Rasearch, East Hartford, Connecticut.

PWA supplied the test rig, which included the quartz
lamp neating system and several test liners. Lewis
provided the test facility and had the responsibili-
ties from integrating the test rig into the test
facility up to and including conducting the tests and
acquiring the data. Lewis and PWA personnel developed
automated computer control strategies, data acquisi-
tion systems, and methods for efficient data reduction
and analysis.

The quartz lamp heating system consists of
112-6-kYA lamps configured circumferentially in 16
sectors, each having 7 lamps. This system, in addi-
tion to drawing up to 672 kVA of 480-V power, requires
3.5 ib/sec of ambient temperature air at 5 psig,

1.5 1b/sec ambient temperature air at 1 psig and
80 gal/min of specially treated water for cooling the
rig.

A natural-gas and air mixture is burned in a com-
bustor can upstream of the test section to provide
preheated cooling air to the test liner. Cooling air
temperatures are controllable from 205 to 316 °C (400 to
600 °F) by varying the fuel/air mixture ratio. The
test liner cooling airflow rate is variable from about
4.0 to 7.5 1b/sec at 35 psig. Both the cooling-air
temperature and flow rate can be varied to obtain the
desired cyclic temperatures on the test liner.

The annular rig has six 5-in. diameter quartz
window viewports, three of which are spaced at 120°
apart and are used to view the middle section of the
test liner. The other three, also spaced at 120°
apart, are used to view the upstream portion of the
liner and its attachment piece. These windows are
rotated 45° from the liner windows. The quartz win-
dows are air and water cooled. Through these windows
television, infrared, and high resolution cameras are
used to monitor liner condition, temperature, and
deformation, respectively.

A microprocessor with a dual-loop programmahle
controller is used to control the power to the lamps.
A specified power-time history is programmed into the

microprocessor, and the cooling air temperature and
flow rate are appropriately set so that when combineg,
the desired thermal cycle is imposed on a test liner.

Thermocouples and an infrared thermovision system
are used to obtain surface temperatures on the test
liner. There are provisions for having a total of
140 thermocouples on the test liner. Both thermocoupie
and thermal image data are obtained on the cool side of
the test specimen. Only thermocouple data are obtained
on the hot side (facing the quartz lamps) of the test
liner. The thermocouple data provide temperatures at
discrete points, while the infrared system provides
detailed maps of cool-side thermal information.

The thermal images obtained from the infrared
camera are stored on a VHS tape recorder, with the
clock time superimposed on each image. Images of the
test specimen of from about 4 to about 1 in. in diame-
ter (for finer resolution of temperatures) can be
obtained with the zooming capability of the infrared
system. Thirty thermal images are captured on tape
every second. A computer system is then used to proc-
ess, reduce, enhance, and analyze the transient tem-
perature information. These data are also compared
with the thermocouple data. Thermocouple data are
used in the calibration of the infrared system.

During a test run both the facilities data (pres-
sures flows, power, etc.) and the research data (pri-
marily temperature) are acquired for each thermal
cycle using the ESCORT II data acquisition system at
Lewis. These data are stored automatically once every
second on a mainframe computer for later reduction and
analysis.

Liner Tests and Results

Two combustor liner segments were tested in the
Structural Compeonent Response Rig. First, a conven-
tional liner of sheet metal seam-welded louver con-
struction from Hastelloy-X material (Fig. 25) was
tested. Second, an advanced paneled liner (Fig. 25)
was tested.

A large, quality (thermocouple (96 TC's) and IR)
temperature database was obtained on the conventional
liner. Some typical thermocouple data are shown in
Fig. 26. The corresponding power history for the ther-
mal cycle is shown in Fig. 27. Figure 26 shows the
transient temperature response at three locations on
louver 5. The temperature measurements are used in
the heat transfer/structural analysis of the liner.

The liner was thermally cycled for almost 1800
cycles. Between 1500 and 1600 cycles an axial crack
about 0.2 in. in length developed in the liner. This
crack occurred at a hot spot which developed because
of closure of several cooling holes. There was no
thermocouple right at the hot spot, but surrounding
TC's indicated the maximum temperature was at least
937 °C (1720 °F) and could have been over 976 °C
(1890 °F).

A composite photograph of the liner after 1782
cycles is shown in Fig. 28. This shows that most of
the distortion occurred in louvers 4 to 7, particularly
in the bottom (180°) and left (270°) views. The top
(0°) and right (90°) views show less distortion.

The test program was terminated after 1782 cycles
because the distortion of the louvers became severe
enough to contact the frame of one of the quartz lamp
banks. Measurements of the c¢rack from the initial
observation at 1600 to 1728 cycles indicated 2 percent
increase in length.

The distortion of the louvers is typical of lin-
ers run in service. The distortion shows some symme-
try to the heat pattern of the lamps in that the peaks




of distortion are at the longitudinal center of a lamp
bank where the maximum heat flux occurred. It should
oe noted that a distortion peak was not formed at
svery bank of lamps.

Similarly, a large quality data base on the
advanced combustor liner is being obtained. This
liner, consisting of small panels and an outer support
shell to which the panels are attached, is instru-
mented with 125 thermocouples, 73 on the hot side of
the panels and 52 on the support shell. A grid system
of lines of temperature-sensitive paints was applied
to over half of the panels in the liner to increase
the area in which we could observe temperature changes.
An infrared camera system is being used to obtain tem-
perature maps of a portion of the outer shell of the
liner through a quartz viewing window. Over the same
field of view, high-resolution photographs of the outer
shell are also being taken to determine the total
strain during cycling.

Figure 29 is representative of the data obtained
on the advanced liner. It is an isometric plot of
the thermccouple temperature measurements of the hot
side of the liner panels {(which shows the cylindrical
liner as if it were cut upon and flattened out) and
shows a maximum temperature of 760 °C (1400 °F) at the
maximum quartz lamp power (cruise condition). A simi-
lar plot of the outer shell shows the maximum tempera-
ture to be about 316 °C (600 °F). These temperatures
were cbtained for a heat flux equivalent to that
applied to the conventional liner. Transient data are
i1lso being obtained. The thermal paint did not indi-
-ate a maximum temgerature of more than about 649 °C
(1200 °F). The infrared data and the high-resolution
photographs are being reduced and analyzed.

After 1500 thermal cycles the advanced liner is
operating at much lower temperatures than the conven-
tional liner (about 205 °C (400 °F) lower) for the same
heat flux. At the lower temperature and low thermal
gradients, little distortion to the panels has been
observed. Based on the test results and analyses, the
operating conditions are not severe enough to distort
or damege *he advanced liner.

Thermal/Structural/Life Analvses of the Test Liners

The liner surface temperature measurements
obtained from the thermocouples and the infrared ther-
movision system were used to obtain the film coeffi-
cients on the cool and hot surfaces. Based on these
coefficients, a heat transfer analysis of each liner
was performed using MARC, a general purpose nonlinear
finite-element heat-transfer and structural-analysis
program.

Eight-node three-dimensional solid elements were
used to construct the liner heat transfer models.

The conventional liner model had 546 elements and
1274 nodes, and the advanced liner model had 536 ele-
ments and 1117 nodes. Comparisons between predicted
and measured transient temperatures showed good
agreement.

The temperature (or thermal loads) are input to
the structural analysis program. The MARC program was
used to perform the structural analysis. The stress
models were identical to the heat transfer models.

The Walker and Bodner viscoplastic models, which
were described earlier, were used in the structural
analysis. Representative results are the hysteresis
loops shown in Fig. 30 for three locations on the con-
ventional liner. Similarly, Fig. 31 is representative
of a stress plot of a symmetrically heated panel.

Based on the nonlinear structural analyses of the
two liners, it was determined that the critical
stress-strain location in the advanced liner was at
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the retention loop. For the conventicnal
critical location was at the seam weld.
3ased on the stress-strain and temperature at the
critical locations, cyclic life of the two liners was
assessed. The results are summarized and compared in
Table II. The estimated 1ife of the conventional
Tiner (400 to 1000 cycles) is based on limited cyciic
life data. Tests showed liner cracking at the seam
weld after 1500 cycles. The advanced liner will have
a much tonger life than the conventional liner because
it has a lower average temperature (about 215 °C
(440 °F)) and no structural constraint in the circum-
ferential direction. After 1500 cycles the advanced
liner shows little distortion and no cracking. The
predicted 1ife is greater than 100 cycles. These
comparisons show there is good agreement between pre-
dicted 1ife and measured life,

liner, the

CONCLUSIONS

The broad scope of structural analysis activities
carried out under the HOST project, by the combined
efforts of industry, government and universities has
resulted in numevous significant accomplishments and,
in some cases, major breakthroughs in the nonlinear
three-gimensional structural analyses of turbine
engine hot section components. The major accomplish-
ments in the three areas of technology addressed syn-
ergistically, namely, inelastic constitutive model
development, nonlinear three-dimensional structural
analysis methods and code development, and experimen-
tation to calibrate and validate the codes are summa-
rized below:

(1) New types of multiaxial viscoplastic consti-
tutive models for high-temperature isotropic and ani-
sotropic (single crystai) superalloys, and metal
matrix composites have been developed, calibrated, and
validated.

(2) New and improvid nonlinear structural analy-
sis methods and codes, in which the viscoplastic con-
stitutive models were incorporated have been developed
and, to some extent, validated.

(3) Extensive quality databases, including uniax-
ial and multiaxial thermomechanical data, were gener-
ated for René N4, René 80, Hastelloy-X, MAR M247,
B-1900+Hf, PWA1480 and Haynes 188 materials for the
purpose of calibrating and validating the constitutive
models.

(4) Extensive quality databases have been gener-
ated for conventional and advanced combustor liner
segments and compared with detailed thermal/structural
analyses of these liners using many of the analytical
tools developed under HOST.

(5) Advanced instrumen :ation to measure tempera-
ture, displacement and strain have been evaluated.

(6) High temperature laboratories and facilities
at universities, other governmental agencies, and
industry have been modified and upgraded, and at NASA
Lewis, a unique high-temperature fatigue and struc-
tures research laboratory has been impiemented.

(7) At NASA Lewis, a high-temperature structural
component response research facility for testing
large diameter combustor liner segments has been
implemented.
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Ahile the structural analysis capabilities and
accomplishments described in this paper are a good
beginning, there is much room for improvement. It is
expected tha: these capabilities and future improve-
ments will grow rapidly in their engineering applica-
tions and have a major impact and payoff in the
analysis and design of the next generation aeronautic
and aerospace propulsion systems.
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TABLE I. - HOST STRUCTURAL ANALYSIS PROGRAMS

NAS3-23925, Southwest Research Institute (U.S. Lindholm), Constitutive
Modeling for Isotropic Materials.

NAS3-23927, General Electric (V.G. Ramaswamy), Constitutive Modeling for
Isotropic Materials.

NAS3-379, University of Akron (D.N. Robinson), Multiaxial Theories of
Viscoplastic for Isotropic and Anisotropic Materials.

NAG3-512, University of Connecticut (E.H. Jordan), Constitutive Modeling
of Single Crystal and Directionally Solidified Superailoys.

NAG3-511, University of Cincinnati (D.C. Stouffer), Anisotropic
Constitutive Modeling for Nickel-Base Single Crystal Superalloy René N4,

NAS3-23272, General Electric (R. Maffeo), Burner Liner Thermal/Structural
Load Modeling.

NAS3-23687, General Electric (R.L. McKnight), Component-Specific Modeling.

NAS3-23698, General Electric (R.L. McKnight), Three-Dimensional Inelastic
Analysis Methods for Hot Section Components I.

NAS3-23697, Pratt and Whitney Aircraft (E.S. Todd), Three-Dimensional
Inelastic Analysis Methods for Hot Section Components II.

IAN 40-1447-84 and DE-ACO5-840R 21400, Oak Ridge National Laboratory
(J.R. Corum), Determination of Surface of Constant Inelastic Strain Rate
at Elevated Temperature.

NASA Lewis Research Center (J.R. Ellis and P.E. Moorhead),

High-Temperature Fatigue and Structures Laboratory/Structural Component
Response Facility.
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TABLE II. - CREEP
THRESOLDS DETERMINED
FOR HAYNES 188 AT
TEMPERATURES IN THE
RANGE 649 TO 871 °C

Temper- Creep
ature, thresold,d
°C ksi
649 30
760 11
871 4

(a) Conventional liner

TABLE III. - SUMMARY OF STRUCTURAL-LIFE ANLAYSES OF COMBUSTOR LINERS AT A CRITICAL LOCATION

Analytical Temperature Strain range, Mean stress, | Predicted life,
method range, ue psi cycles
°F
Mechanical Inelastic
Unified (Walker) | 950 to 1630 5870 3150 -35 000 400 to 1000
Unified (Bodner) | 950 to 1630 5800 2700 -28 000 400 to 1000
(hb) Segmented liner
Analytical Temperature Strain range, Mean stress, | Predicted life,
me thod range, ue psi cycles
°F
Mechanical Inelastic
Unified (Walker) | 755 to 1180 810 10~} 10 000 >106
Unified (Bodner) | 755 to 1180 820 10—} 15 000 >106
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15



TEMPERATURE.,

Oc
(2) 695
(3) 735
LOCATION “A” (4 775
NEAR EXTERNAL [ (5) 815

SURFACE— —

CREEP-PLASTICITY MODELS
——-— WALKER MODEL
——=--—— BODNER-PARTOM MODEL

I I I |

-4000 -3000 -2000 -1000
EFFECTIVE MICROSTRAIN
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A€ = 0.6 PERCENT AND € = .001/mM, SHOWN
IS UNIAXIAL RESPONSE AND SHEAR RESPONSES
FOR SEVERAL VALUES OF C.

18



SHEAR STRAIN, PERCENT

12

.06

STRESS, PsI

—

UNTAXIAL STRAIN, PERCENT

FIGURE

ORIGINAL PAGE IS
OF POOR QUALITY,

DRUCKER—
\

UNTAXIAL AND SHEAR

0 20 40 60 80 100
TIME, HR

8. - CREEP RESPONSE IN UNIAXIAL TENSION AND SHEAR FOR

SEVERAL VALUES OF C.

80 000

60 000

4o 000

20 000

0

—
AXIAL
(100)
- QRRIOEOTTT 4y,
_ - o~ A A A
q' a1
— ol e
g% .9 -
] ? 1 KSI = 6.9 MPa
o
W —=-—=— EXPERIMENTAL DATA
;’p’ TEST RATE: 1.0E-4/sec
O’
| | ' '
.005 .010 .015 .020

AXIAL STRAIN, IN./IN,
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EXPERIMENTAL DATA FOR SPECIMEN ORIENTATIONS OF
(1001, [1101, AND [1111 AT 982 OC (1800 °F).

19



STRESS. Ps1

80 000 —
AXIAL: <100>
40 000 |—
01—
1 KSI = 6.9 MPA
-40 000 — EXPERIMENTAL DATA
TEST RATE: 3.0E-4/sSec
-0.010 -0.005 0 .005 .010

STRESS, KsI

(((\” l(l | ]

100

80

60

40

20

AXIAL STRAIN, IN./IN.
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UNIAXIAL TEST SYSTEM

UNIAXIAL LONGITUDINAL EXTENSOMETER IN TEST SETUP
FIGURE 20. - UNIAXIAL TEST SYSTEM. FIGURE 21. - BIAXIAL MATERIAL TEST SYSTEM.
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FIGURE 25. - CONVENTIONAL AND SEGMENTED COMBUSTOR LINERS INSTRUMENTED FOR TESTING.
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33



R Sy e e e et e e i S

NSSA AN,

y 7 7 F NI I T A ]

X

A A A XX

AN Y

W

1400

(/

2 8888
S E8 88
do “UNLYYIW3L
_ _
2 2
(Vo) \a]

Jo “NLVYIdWIL

%

(/

%

%

ssss
()
ss\

&

DISTANCE
FROM FLANGE.

%

CIRCUMFERENTIAL

ANGLE,
DEG

IN.

ssum
s\m
%
(/Y's

- ISOMETRIC PLOT OF TEMPERATURE ON INSIDE OF SEGMENTED COMBUSTOR LINER.

FIGURE 29.

34



HOOP STRESS, PsI

LOUVER 5

60x10°
10
KNUCKLE
40—
SEAM WELD
20—
LIP
0
-20—
1 KSI = 6.9 MPA
—40 | o l l |
-.004 -.002 0 .002 .004y .006

HOOP STRAIN. IN./IN,

FIGURE 30. - REPRESENTATIVE STRESS-STRAIN
PREDICTIONS AT THREE LOCATIONS ON THE CON-
VENTIONAL LINER.

35



VISCOPLASTIC CONSTITUTIVE MODEL: WALKER THEORY (3RD CYCLE)
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